Abstract
Introduction
The schematic design of the micromanipulation station can be seen in Figure 1 . Microrobots are operating on a specimen stage under an automated light-optical microscope [1] . In order to automatically control the manipulation process in the microassembly station, there must be sensor feedback. Therefore, the light-optical microscope is equipped with a CCD-camera. The camera and the microscope form the local sensor system, which supplies visual information about the fine manipulations of the robot endeffectors and the position of the microobjects. The actual position of the robots travelling on the glass plate is detected by a global sensor system. A parallel control system is implemented to cope with complex control functions.
Sensors for robot positioning
To determine the position and orientation of the microrobots on the specimen stage of the microscope a global sensor system has to be implemented. Theoretically it is sufficient to detect two different fixed points on each microrobot platform to calculate the exact position and orientation of the microrobots. These points can be located by two different methods: a) Each point is marked by a light emitting component (e.g. LED). The position of the microrobot is determined by the consecutive detection of the two light points by a sensor (e.g. CCD-camera). b) Two light detection sensors are placed on top of the microrobot and a rotating laser beam is scanning the specimen stage. Thus, the position of the sensors is given by the position of the laser when the laser beam is detected.
In both cases, the orientation of the microrobot is given by the vector of the straight line between the first and second reference point. 
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Sensors for endeffector positioning and micromanipulation
The position of the objects to be manipulated in the viewing area of the microscope is determined from the CCD-camera image by an image recognition system. To obtain depth information of these objects, the following method can be used: A laser-spot (not shown in Fig.1 ) is projected with a fixed angle onto the objects. From the position of the laser reflection the height of the object can be calculated. The position of the endeffector tip can also be determined by this measuring method.
Another possibility for the recognition of an endeffector is the use of fiber optical cable which is fixed (e.g. glued) to the tip of the tool. The light that is emitted at the end of the fiber can be seen by the camera. Thus, the position of the light-point and the corresponding tool can be determined.
Force sensors
An exact measurement of the forces is needed for a safe handling of microobjects.
The forces have to be measured at the micromanipulation tool. There are two approaches for this measurement. First, the use of piezoceramic tubes is possible. They are equipped with one inner and four outer electrodes, so that deformations in almost any direction produce relatively high voltages (direct piezoelectrical effect), typically in the range of 1 V per 10 µm. Two piezoceramic tubes are fastened at the end of the micromanipulation tools (see Fig. 2 ). If the microgripper grasps an object, the piezo tube slightly bends due to the resulting force. At this moment a voltage arises in the piezoceramic. The force at the tip of the gripper can be calculated from the measured voltage changes. The second possibility is the application of a pressure sensor foil. It is located between the gripper base and the gripper tool (see Fig. 3 ). When the gripper tip applies force to a microobject the pressure foil is compressed. The foil is an electrical resistor wich changes its resistance when it is compressed. By measuring the voltage, the change in resistance can be calculated, and thus the force at the gripper tip can be determined.
Computer System
The implementation of a control system for the micromanipulation station is very demanding on the control computer due to a great amount of data (position and force information of the different microrobots) and the calculational burden of the algorithms. A parallel computer system was chosen since the control algorithms for the microrobots, specimen stage and the microscope can be distributed to different processors [2] . For a fast and inexpensive data transfer between the different computers, physical proximity of these computers is of advantage. A parallel computer with three physical dimensions has been developed [3] . The parallelism uses the horizontal plane by placing several processing modules next to each other. The functionality of each processing element can be enhanced by adding modules along the vertical axis. This structure offers short bus length and intelligent signal distribution which has electrical advantages resulting in short signal delay and less glue logic. The processor modules are based on 16 bit microcontroller (SAB C167). A lot of input/output hardware functions like analog/digital-converters and serial interfaces are already implemented, so that construction of application specific hardware is eased. Due to complex control functions, task and path planning, the calculation power of the parallel computer will be increased in the future. Standard 32 bit processor modules with coprocessor (PC/104), which have already been presented at the Karlsruhe Dextrous Hand [4] , will be taken to enhance the availability of standard software and hardware periphery. Besides it allows an easy handling of the computer. The new processor modules will be connected to the sensor/actuator modules of the old modules to make use of the advantages of both systems (various I/O possibilities of the SAB C167 and computational power of the PCs). The modified structure to control the micromanipulation station containing two microrobots is shown in figure 4 . 
Conclusions and future work
A new model of an automated micromanipulation station, which includes two microrobots, is now being built up. In order to automatically control the manipulation process in the station, there must be sensor feedback. Therefore, the light-optical microscope is equipped with a CCD-camera that serves as a local sensor system for micromanipulations. The position of the robots must be detected by a global sensor system. Several solutions for building up both sensor systems were discussed. A parallel computer system is implemented to cope with complex control functions. Two microrobot prototyps, parts of the parallel control system and sensor system are already built up or have to be completed and tested in the future.
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